Guided Wave Propagation and Diffraction in Plates with Obstacles: Resonance Transmission and Trapping Mode Effects  by Glushkov, E.V. et al.
 Physics Procedia  70 ( 2015 )  447 – 450 
Available online at www.sciencedirect.com
1875-3892 © 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Scientific Committee of ICU 2015
doi: 10.1016/j.phpro.2015.08.282 
ScienceDirect
2015 International Congress on Ultrasonics, 2015 ICU Metz
Guided wave propagation and diﬀraction in plates with obstacles:
resonance transmission and trapping mode eﬀects
E.V. Glushkova,∗, N.V. Glushkovaa, A.A. Eremina, R. Lammeringb
aKuban State University, Stavropolskaya str., 149, 350040 Krasnodar, Russian Federation
bHelmut-Schmidt-University, Holstenhofweg 85, 22043 Hamburg, Germany
Abstract
The paper is based on the authors’ report at ICU-2015 giving the idea of the semi-analytical integral equation approach to a
physically clear simulation of wave phenomena in composite plate-like structures with local inhomogeneities. On this basis, a set
of low-cost computer models for a reliable near- and far-ﬁeld analysis had been developed and experimentally validated. Their
abilities have been illustrated with examples of structural frequency response and radiation pattern diagrams for guided waves
(GW) generated by piezoelectric wafer active sensors (PWAS); the reconstruction of eﬀective elastic moduli of ﬁber-reinforced
composites; the PWAS frequency tuning with accounting for the radiation directivity induced by anisotropy; and the eﬀects of wave
energy resonance transmission and trapping. Some of these examples have been already discussed in journal articles. Therefore,
the present paper concentrates on the recent results of resonance GW interaction with deep surface notches and buried cavities.
c© 2015 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the Scientiﬁc Committee of 2015 ICU Metz.
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1. Introduction
Mathematical and computer simulation of elastic wave processes in composite structures is a challenging task due
to complicate waveguide properties induced by their anisotropy and lamination. Various mesh-based techniques, such
as ﬁnite element or ﬁnite diﬀerence methods, became widespread for the GW simulation, e.g., Ostachowicz et al.
(2012); Obenchain and Cesnik (2014). However, with lengthy plate-like structures, the mesh-based methods are
often too expensive and cannot directly provide individual GW characteristics. Hence, analytically based methods
may serve as an alternative computational tool allowing eﬃcient and physically evident parametric analysis.
Semi-analytical GW simulation for 3D anisotropic laminate structures is based on the convolution-type integral
representations via the Green matrix of the structure considered and the load vectors of surface or buried sources;
Glushkov et al. (2011). Far-ﬁeld asymptotics of the excited cylindrical GWs are derived from these integrals using
the residue theory and stationary phase method. The waveﬁelds scattered by localized damages are approximated in
terms of such integral and asymptotic expressions within the laminate element method (LEM); Glushkov et al. (2009).
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Fig. 1. Geometry of the problem (a,b); experimental specimen (c,d)
Its key point is the utilization of fundamental solutions for the elastic layered structure as basis functions. They satisfy
identically the governing equations in the sub-layers and boundary conditions at plane-parallel interfaces and exterior
surfaces. Therefore, the integration path in the scattered waveﬁeld integral representation is reduced to the obstacle
boundary while all wave properties of the structure are taken into account automatically.
Since the application of the developed methods to various structural health monitoring problems is already well
represented in the papers mentioned above and cited therein, the current contribution presents the most recent results
on GW resonance interaction with deep surface notches and buried cavities.
2. Experimental specimens and mathematical framework
Resonance GW interaction with obstacles have been studied with two kinds of specimens: aluminium plates with
sawn grooves and drilled horizontal holes of various size (Fig. 1 c,d). The mathematical simulation is based on
the time-harmonic solutions ue−iωt, u = (ux, uz) of the corresponding 2D boundary value problems (BVP) that yield
frequency spectra of the PWAS generated and diﬀracted wave ﬁelds in the plate’s cross-section along the B-scan lines.
The diﬀraction of an incident PWAS-excited GW u0 by the obstacle gives rise to the scattered ﬁeld usc: u =
u0+usc. The unknown ﬁeld usc is sought for within the indirect LEM-BIE formalism in terms of the laminate element
fundamental 2 × 2 matrix l(x) integrated over the defect’s boundary S together with an unknown source density c(x):
usc(x) =
∫
S
l(x − ξ)c(ξ)dξ. (1)
Then, the vector factor c(ξ) is discretized via the boundary element representation:
usc ≈
N∑
j=1
usc, j, usc, j(x) =
∫
S j
l(x − ξ)c jdξ, (2)
where S j are segments of a polygon approximation of the boundary S ; c j are vectors of unknown constants. They
are obtained from the system of linear algebraic equations with respect to the vector of unknown constants c =
(c1, c2, ..., cN), which arises from the substitution of relation (2) into the boundary conditions on S and further imple-
mentation of the Galerkin projection scheme.
3. Resonance eﬀects
Parametric analysis has shown that only A0-mode incidence results in resonance interaction with notch-like ob-
stacles in the frequency range considered. While with a median elliptic void, the S 0 the resonance is much stronger
than that for the A0 incidence. And it manifests itself in two diﬀerent ways: as a peak resonance transmission through
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Fig. 2. Mode transmission coeﬃcient κ+ vs frequency f (top) and out-of-plane velocities vz(x, f ) LDV measured at the points C1 and C2 (bottom)
for A0 (left) and S 0 (right) incidence.
notches (Fig. 2a) or sharp S 0 blocking by voids (Fig. 2b). These and the subsequent numerical and experimental
results are for the aluminium samples (Y = 70 GPa, ν = 0.34, ρ = 2700 kg/m3) of thicknesses H = 2 and 5 mm for
the notched and voided plates, respectively. In the examples, the notch dimensions are a = 2 mm and d = 1.76 mm,
and the semi-axes of the middle elliptic hole are a = 3.5 mm and b = 1 mm.
Mathematically, the resonance eﬀects are associated with the presence of nearly real spectral points ωˆn = 2π fˆn
of the BVP under consideration. They are also referred to as complex natural frequencies or resonance poles in the
complex frequency plane. In the examples of Fig. 2, they are fˆ1 = 81(1 − i0.05) and fˆ2 = 200(1 − i0.03) kHz for
the notch, and fˆ1 = 103(1 − i0.03) and fˆ2 = 235(1 − i0.01) kHz for the void. It has been found (Refs. Glushkov et
al. (2011) and cited therein) that in the GW diﬀraction such poles manifest themselves at frequencies fn ≈ fˆn either
as a sharp screening with a sole obstacle (M = 1) or a strong transmission with M − 1 resonance peaks in the case
of M ≥ 2 obstacles. Correspondingly, one can see the gaps in the transmission curves at f = 102 and 231 kHz with
the solitary void (Fig. 2b) and the peaks at f = 80 and 200 kHz for the notch, which edges work as two scatterers
(Fig. 2a).
In accordance with the trapping mode theory, the resonance is followed by the localization of oscillations near the
obstacle. Indeed, the displacements at the frequencies fn ≈ Re fˆn exhibit such a localization in the vicinity of the
obstacle (Fig. 3 top). The level-line images of Fig. 3 show the spatial distribution of the vertical displacement ampli-
tude |uz(x, z)| of the corresponding eigenforms. The lower images are for the validating FEM results obtained using
the COMSOL Femlab 3.5a software for the limited rectangular specimens with defects (ﬁnite cuts from the inﬁnite
waveguides considered). The FEM-based eigenfrequency analysis has revealed a number of eigenforms of those ﬁnite
samples. However, in the frequency range of interest only two of them in each case are featured by the localization of
oscillation at the obstacle (Fig. 3 bottom). These eigenforms uFEMz (x, z) and eigenfrequencies f
FEM
n are very close to
the LEM-based obtained ones. The ﬁrst eigenform exhibits maximal resonance out-of-plane displacement just above
the obstacle center while the maxima of the second form are shifted aside. Therefore, to validate the predicted reso-
nance eﬀect and the calculated resonance frequencies f1 and f2, the laser Doppler vibrometry (LDV) measurements
of the out-of-plane displacement velocity vz = u˙z have been accomplished at the points C1 and C2 (Fig. 1 a,b). The
piezoactuator is driven by a broadband square pulse.
Similar to the delaminated plate; Sohn et al. (2011); Glushkov et al. (2014), the vibrometry has revealed long
standing-wave-type oscillations in the vicinity of the obstacles. Spectral analysis of that prolonged motion has shown
two strong peaks of the frequency spectrum |vz(x, f )| in close vicinity of the predicted resonance frequencies fn (Fig. 2
bottom). As was expected, the ﬁrst of them, associated with the ﬁrst eigenform, manifests itself in the data recorded at
the pointC1 and gives no eﬀect in theC2 results. While in agree with the eigenform shapes, only the second resonance
frequency f exp2 gives a peak growth for the data acquired from the point C2.
Such durable oscillations caused by incident wave packets with resonance central frequencies are well visible in
the B-scans shown in Fig. 4 that displays the out-of-plane surface velocity vz(x, t) along the x-axis (B-scan lines in
Fig. 1 c,d) depicted as a function of x and t. The incident wave packets are generated by Hann-modulated ﬁve-cycle
bursts with central frequencies fc close to the ones shown in Fig. 2 by vertical dashed lines.
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Fig. 3. Localization patterns for the inﬁnite waveguide (a,b,e,f) and corresponding eigenforms of the ﬁnite specimen (c,d,g,h) (dark regions
correspond to higher amplitudes)
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Fig. 4. LDV B-scans for notched (a,c) and voided (e,g) samples, respectively, and predictive LEM-based simulation, (b,d) and (f,h) illustrating the
trapping of the A0 and S 0 wave energy.
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